Introduction
Avian vocal learning and adult song perception are model systems for attributes of human speech acquisition, production, and perception (Doupe and Kuhl 1999; Gentner et al. 2006; Fehér et al. 2009; Margoliash and Schmidt 2010; Lipkind et al. 2013) . Auditory feedback (AF) is required for speech development (Oller and Eilers 1988) and song development in songbirds (Konishi 2004) . AF is necessary to maintain adult vocalizations in humans, although variations occur across individuals (Borden 1979; Waldstein 1990) . AF is also necessary for adult song maintenance in some, or perhaps many, songbird species (Nottebohm et al. 1986; Nordeen and Nordeen 1992) . Previous studies in songbirds have suggested the behavioral salience of the low-frequency component of AF. Experimental induction of high-frequency hearing loss (above 1.5 kHz) had no effect on adult song maintenance (Woolley and Rubel 1999) over the time period when complete deafening would have resulted in a degraded song (Woolley and Rubel 1997; Okanoya and Yamaguchi 1997) . Although low-frequency power below 1 kHz is relatively suppressed in airborne song recordings, sounds generated by the syrinx include more power at low frequencies (Fee et al. 1998; Goller and Daley 2001; Jensen et al. 2007 ). Birds may have access to such low frequencies through bone conduction (Fukushima and Margoliash 2015) .
Abstract Auditory feedback (AF) plays a critical role in vocal learning. Previous studies in songbirds suggest that low-frequency (<~1 kHz) components may be salient cues in AF. We explored this with auditory stimuli including the bird's own song (BOS) and BOS variants with increased relative power at low frequencies (LBOS). We recorded single units from BOS-selective neurons in two forebrain nuclei (HVC and Area X) in anesthetized zebra finches. Song-evoked responses were analyzed based on both rate (spike counts) and temporal coding of spike trains. The BOS and LBOS tended to evoke similar spike-count responses in substantially overlapping populations of neurons in both HVC and Area X. Analysis of spike patterns demonstrated temporal coding information that discriminated among the BOS and LBOS stimuli significantly better than spike counts in the majority of HVC (94 %) and Area X (85 %) neurons. HVC neurons contained more and a broader range of temporal coding information to discriminate among the stimuli than Area X neurons. These results are consistent with a role of spike timing in coding differences in the spectral components of BOS in HVC and Area X neurons.
Keywords Zebra finch · Auditory feedback · Temporal coding · HVC Song system neurons express highly selective auditory responses to the bird's own song (BOS) in anesthetized or sleeping birds (Margoliash 1983; Doupe and Konishi 1991; Margoliash and Fortune 1992; Dave et al. 1998 ). This BOS-selective response develops during song sensorimotor learning and closely tracks the song of the developing bird (Volman 1993; Doupe 1997; Nick and Konishi 2005) . As the low-frequency power of the BOS might be a salient cue in AF, here we tested the hypothesis that the low-frequency component of the BOS could evoke auditory responses in song system neurons, similar to that of the original BOS. Therefore, we used a version of the BOS (low-frequency BOS, LBOS) with a power spectrum that was skewed to decrease power in the high-frequency (>1 kHz) range, thus increasing the relative power of the BOS at frequencies below 1 kHz. We recorded auditory-evoked spiking activity during playback of the BOS and LBOS from neurons in the sensorimotor nucleus HVC, and the basal ganglia component of the song system, Area X, in anesthetized zebra finches. We then evaluated the temporal and rate coding properties of the neurons in HVC and Area X, both of which are largely unexplored for the low frequency features of the BOS.
Materials and methods

Animals
All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of Chicago. Adult zebra finches (Taeniopygia guttata) were obtained from either a commercial vendor (Magnolia Bird Farms, Anaheim, CA, USA) or our breeding colony at the University of Chicago.
Stimuli
Songs were recorded from birds isolated in a small soundattenuation chamber (AC-1; Industrial Acoustics Corporation, NY, USA) with an omnidirectional microphone (AT803B, Audio Technica) and digitally saved to a computer disk (sampling rate 20 kHz; band-pass filtering 200-10 kHz). A representative song exemplar consisting of two to four motifs-repeated sequences of song syllables-was chosen from the recordings as the BOS stimulus (duration 1,482-2,772 ms). We then constructed versions of LBOS from each BOS stimulus by amplifying the power in the BOS syllables between 200 and 1,000 Hz without any shift in phase using the following cosine curve:
Hz, and f 2 = 1,000 Hz (Fig. 1a) . The power spectrum of the LBOS was obtained by multiplying K(f) with the power spectrum of the BOS, i.e., P LBOS (f) = K(f) 2 P BBOS (f). Two levels of amplification were used: A = 80 or 160, resulting in LBOS A80 and LBOS A160 (see Fig. 1c ). All stimuli were scaled to a 70 dB root-mean-squared amplitude, i.e., all stimuli had the same total energy but different ratios of power between the low-and high-frequency ranges (see Fig. 1b) . Thus, the LBOS was effectively a low-pass version of the BOS, as the relative power in the high-frequency range was attenuated. To the human observer, the resultant LBOS stimuli had a very different "wooden" or "deadened" sound quality compared to the original BOS, consistent with the attenuation of high frequencies. A timereversed BOS (revBOS) was also presented to all cells, and a time-reversed LBOS A160 was presented to a subset of the cells. We presented these stimuli in pseudorandom order with an inter-stimulus interval of 10 s. Each stimulus was presented 20 times to each cell for a majority of recorded cells in HVC (85 %) and all recorded cells in Area X. We presented it ten times for the rest of recorded cells in HVC.
Electrophysiological recordings were conducted in an AC-3 (Industrial Acoustics Corporation, NY, USA) sound attenuation booth. For stimulus presentation, we used a power amplifier (D60, Crown Audio, Elkhart, Indiana) with a calibrated mid-woofer speaker (AC-130F1, Aurum Cantus, Penglai City, China). The frequency response of the speaker in the booth was ±5 dB, as measured with a 1-in. microphone (Brüel & Kjaer type 4145) at the position of the bird's head. A tracking generator (Hewlett Packard 3581C) was used to exclude background noise while measuring the microphone output produced by frequency sweeps from the speaker. The background noise level was 42 dB SPL. The sound intensity was calibrated with a Brüel & Kjaer type 4230 calibrator.
Electrophysiological recording and analysis
Several days before an electrophysiological recording session, we implanted a stainless-steel pin after making an opening in the top layer of the bird's skull caudal to the bifurcation of the midsagittal sinus. For the implantation surgery, the bird was deprived of food and water for 1 h and then anesthetized with an intramuscular injection of 50 ml of Equithesin. On the recording day, the bird was food and water deprived for 1 h and then anesthetized with three doses of 20 % urethane (5 µl/g, divided into 3 doses over 1 h) administered intramuscularly over 1 h. The bird was comfortably positioned on a cushion, and the head was immobilized by fastening the implanted pin to a frame. A small window in the bottom layer of the skull was opened to allow access to HVC or Area X. All neurons were initially targeted with stereotaxic coordinates and later confirmed with small electrolytic lesions (5 µA/5 s) made at the recording site or nearby fiducial locations. At the end of each experiment, the bird was deeply anesthetized with an overdose of Nembutal and perfused transcardially with heparinized saline followed by formalin. The brains were stored for several days in formalin and then infused with 30 % sucrose in formalin before being cut into 50 µm sections with a cryostat and stained with cresyl violet. The sections were examined to verify the electrode locations, and only cells within the HVC or Area X were included in the following analyses.
Recordings were made with either a silicon microelectrode array (Neuronexus Technologies) or custom-built Pt/Ir solder glass-insulated electrodes (0.003-in. wire; AM Systems Inc., WA, USA). The signals from the electrodes were amplified, filtered (300 Hz to 5 kHz bandpass; Grass Technologies, RI, USA), digitized (DaqBoard/3000; IOtech Inc., OH, USA) at 20 kHz with 16-bit resolution, and saved to a computer disk by a data acquisition program written in C (by Amish S. Dave) running on a Linux operating system. MATLAB ® (The Mathworks Inc., MA, USA) was used for offline analysis of the neural data; single units were identified from raw voltage traces using a spike sorting program based on a spike classification algorithm (Fee et al. 1996) included in Chronux, a MATLAB toolbox (http://chronux.org). We analyzed wellisolated single units with inter-spike interval histograms that showed few events (<1 %) in the range of <1 ms and an interspike-interval (ISI) histogram that smoothly converged to zero for small ISIs. During the experiments, the cells were isolated based on spontaneous firing (which was especially salient for Area X neurons) or responses to search sound stimuli. Only cells with significantly different mean firing rates for auditory responses and spontaneous activity (t test, p < 0.05) were included in the analysis. The spontaneous firing rate was determined by counting the number of spikes produced during the 1 s immediately before each stimulus presentation.
Metric-space analysis
Metric-space analysis was conducted with functions included in the Spike Train Analysis Toolkit (Goldberg et al. 2009 ). Metric-space analysis for spike trains has been applied broadly including the analysis of HVC neurons in canaries The same maximum value is used in the color map to graphically display the three spectrographs, emphasizing the relatively greater power at low frequencies for the LBOS and the relatively greater power at higher frequencies for the BOS (Huetz et al. 2006) and is extensively described elsewhere (Victor and Purpura 1997; Di Lorenzo and Victor 2003) . The analysis uses a metric that measures the "distance" between spike trains. The distance is defined as the "cost" to transform a given spike train into another using three types of manipulation: adding, deleting, or shifting a spike. Addition and deletion are assigned identical costs (=1), and shifting a spike by an amount of time [Δt (s)] costs q|Δt|, where q is a parameter of temporal precision that has units of 1/s; therefore, the cost is dimensionless quantity. Using the three elementary manipulations, there are multiple ways to transform one spike train into another, and the minimal cost is defined as the distance between the two spike trains that can be found using an efficient algorithm (Aronov 2003) . At q = 0, there is no cost associated with shifting a spike in time, and thus, the distance is determined only by the difference in the total number of spikes (i.e., the spike rate). For q > 0, the distance quantifies the difference in the timing of spikes, as a non-zero cost is associated with shifting a spike. A higher q penalizes smaller shifts for a spike, and thus, the distance quantifies the difference in the finer temporal structure of spike trains.
At a given temporal precision, we computed the pairwise distance for all of the spike train pairs from the three stimulus types (BOS, LBOS A80 , LBOS A160 ). Next, we calculated the average distance from a given spike train to all other spike trains evoked by each of the three stimuli. We then classified the spike train as belonging to the stimulus type to which the spike train showed the shortest average distance. This classification provides a prediction regarding which stimulus would evoke the spike train based on the spike distance. We then used mutual information to quantify, on average, how much the prediction reduced the uncertainty in associating stimuli with spike trains. For each neuron, the mutual information was computed with temporal precision from 0 to 1,000 (1/s) with logarithmic steps (52 points). The chance level of the mutual information was estimated by randomly assigning spike trains to a stimulus. A distribution of 20 such randomly shuffled datasets was used to set the lower level of significance as the sum of the mean plus two standard deviations Purpura 1996, 1997; Di Lorenzo and Victor 2003; Huetz et al. 2006) (Fig. 5) . The mutual information at q = 0 is called H count as it provides information only regarding differences in spike counts. H max is the maximum amount of information that can be obtained, and its associated temporal precision is called q max . We used the mutual information to discriminate among the three stimulus types, and thus, the possible maximum mutual information is equal to log 2 3 = 1.585 (bits).
Results
We analyzed "BOS selective" neurons that showed significant selectivity to the BOS over the revBOS (Margoliash 1983; Margoliash and Fortune 1992) . Selectivity was quantified with the d-prime measure for the two stimuli (Solis and Doupe 1997; Theunissen and Doupe 1998) , and cells with a d-prime value larger than 0.5 were defined as BOS selective. Among the recorded neurons, 52 of 54 HVC neurons from 11 birds and 30 of 47 Area X neurons from 3 birds satisfied this criterion. We did not identify the cell types of neurons, but the majority of the cells showed tonic activity during the BOS presentation and thus were putatively classified as interneurons (Hahnloser et al. 2002; Rauske et al. 2003) .
The firing patterns of HVC neurons were qualitatively very different from those of Area X neurons (Doupe 1997; Rauske et al. 2003) . In response to the BOS, most HVC neurons exhibited phasic peaks of excitation over a low rate of spontaneous firing (4.3 ± 6.1 spikes/s), whereas Area X neurons exhibited small peaks of excitation or suppression against a background of very high spontaneous firing (51.9 ± 20.7 spikes/s). This high spontaneous firing rate suggests that recorded neurons are putative globus palliduslike (GPi) neurons (Woolley et al. 2014) . HVC neurons tended to show similar patterns of excitation to sequential motifs of songs, whereas Area X neurons tended to show much broader and more generalized patterns of activation throughout the songs (Fig. 2a, b , left panels).
Mean firing rate differences between the BOS and LBOS stimulus, and across HVC and Area X We first analyzed differences in the mean firing rate (FR) during the entire stimulus presentation period and compared responses to the BOS with the responses to the two types of LBOS for each cell (Fig. 3) . The majority of cells (54-70 % depending on the nucleus and comparison) showed no significant difference between the BOS and LBOS stimuli (Table 1) . Thus, the majority of HVC and Area X cells did not alter their FRs based on the relative power of low and high frequencies in the BOS stimuli.
For the substantial minority of cells that showed significant differences in FRs between the BOS and LBOS stimuli, the pattern of differences varied across the two nuclei. The LBOS A80 evoked significantly higher mean FRs (one-tailed t test, p < 0.025) than the BOS in 17 % (9/52) of BOS-selective HVC neurons, while the BOS evoked significantly higher FR than LBOS A80 in 23 % (12/52) of BOSselective HVC neurons (Fig. 3a) . In contrast, in Area X, 30 % (9/30) of neurons showed significantly higher FRs in response to the LBOS A80 than to the BOS, but none of the neurons showed a higher FR in response to the BOS than to the LBOS A80 (Fig. 3b) . Similar results were obtained for the LBOS A160 , with the same percentage of cells showing significantly higher FRs to the LBOS A160 than the BOS (30 %; 9/30). Except for one or two cells (depending on the comparison), the same cells showed higher FR in response to the LBOS A80 and the LBOS A160 .
In contrast, for cells that preferred the BOS to the LBOS stimuli, the percentage of cells that showed a significantly higher FR in response to the BOS than to the LBOS A80 or LBOS 160 was approximately the same in HVC, with a slight tendency for more neurons to prefer the BOS over the LBOS A160 than the BOS over the LBOS A80 (Table 1) . Zero (0/30, LBOS A80 ) or only 7 % (2/30, LBOS 160 ) of Area X cells, however, preferred the BOS over the LBOS (Table 1) .
Overall, comparing FR responses of HVC and Area X neurons, these results are summarized as a tendency for an increase in the percentage of cells preferring the LBOS over BOS with a tendency for loss of cells preferring the BOS over LBOS. This sensitivity to the LBOS over the BOS was not explained, in either nucleus, by the strength of BOS selectivity of those cells. We evaluated this by comparing the response to BOS relative to revBOS using the d-prime value (Fig. 4a) . We did not find a significant correlation between the d-prime values calculated for the BOS relative to the revBOS and those for the BOS relative to the LBOS (A = 80 or 160) in either HVC (r = 0.079, p = 0.57 for A = 80; r = 0.0852, p = 0.55 for A = 160) or Area X (r = 0.01, p = 0.96 for A = 80; r = 0.143, p = 0.44 for A = 160) (Fig. 4b) .
We also evaluated whether the FR was significantly different among the three stimuli (BOS, LBOS A80 , and LBOS A160 ) at the population level. We performed a twoway ANOVA with the stimulus type as a fixed effect and the bird as a random effect. No significant main effect was 
Temporal coding conveys additional information for discriminating between the BOS and LBOS
The prior analyses demonstrate that the majority of HVC and Area X cells exhibit equal firing rates in response to the BOS and LBOS. These analyses, however, do not account for potential information in the temporal structure of spiking activity. Cells may produce different temporal patterns of spikes in response to the BOS and LBOS, which may carry information about the differences in the spectral content of those stimuli. To test this hypothesis, we quantified the difference in spiking patterns at different time scales by applying metric-space analysis Purpura 1996, 1997) .
We computed the mutual information to discriminate among the three stimuli (BOS, LBOS A80 , LBOS A160 ) for each neuron. Most of the neurons (51/52, HVC; 27/30, Area X) showed significant amounts of information (see "Materials and methods") at one or more values of the cost parameter for temporal precision (q) that were larger than 0. In these neurons, the temporal code yielded a larger amount of information than the spike count. To determine how much more information could be obtained from the temporal code in each neuron's response to the three stimuli, we compared the maximum mutual information (H max ) with the information based on the difference in spike counts (H count ). For cells with temporal information, the mutual information peaked at a non-zero q, and the H max was different from the H count (e.g., Fig. 5 ). The great majority of HVC cells (94 %; 48/51) and Area X cells (85 %, 23/27) showed the maximum mutual information value at a non-zero q (Fig. 6a, non-diagonal values) , suggesting that the temporal code carried additional information beyond the spike count in the responses of these cells.
Comparing the distributions of q max , H max , and H count across the two nuclei also yielded insight into differences in neural coding between HVC and Area X. The medians of the q max values were 39.8 (1/s) (i.e., 1/q max = 25.1 ms) for HVC and 15.8 (1/s) (i.e., 1/q max = 63.2 ms) for Area X, which are not significantly different (Wilcoxon ranksum test, p = 0.145). (Making this calculation using the geometrical means of non-zero q max yielded similar results: 24.7 (1/s) for HVC and 17.872 (1/s) for Area X, with non-significant (p = 0.518) differences between these geometrical means, as evaluated by a t test with log q max .) Moreover, the distributions of q max in the two nuclei were not significantly different (Kolmogorov-Smirnov test, p = 0.13, Fig. 6b ). Thus, neurons in both nuclei maximally discriminated the difference in the low-frequency components on a similar time scale. The population mean of the H max for HVC, however, was significantly larger than that for Area X (0.45 bits HVC, 0.20 bits Area X, one-sided t test, p < 0.0001, t = 5.99) (Fig. 6c, left) , while the means of the H count were not significantly different between HVC and Area X (0.145 bits HVC, 0.11 bits Area X, t test, p = 0.088, t = 1.36) (Fig. 6c, right) . Thus, more mutual information is contained in the HVC temporal code than in the Area X temporal code when the LBOS and BOS are compared, whereas there are similar amounts of information in both nuclei in terms of spike count differences. Qualitatively, a much broader distribution in H max was observed for HVC neurons, and over half the population had higher H max values than any Area X neuron.
In summary, the results indicate that: (1) temporal coding in both nuclei carries more information than firing rates with respect to the relative power distribution of the BOS and the LBOS stimuli, (2) the optimal discrimination of the stimuli is obtained with similar temporal precision in both nuclei, and (3) HVC neurons are, on average, better than Area X neurons in discriminating the stimuli using the temporal code.
Discussion
We investigated the response of song system neurons to BOS and LBOS. Although the power spectrum of the LBOS had a spectral tilt that was very different from that of the BOS, the firing rates (spike counts) evoked by the LBOS stimulus were similar to those evoked by the BOS in both HVC and Area X neurons. In contrast, the metricspace analysis revealed that the great majority of the cells in both nuclei encode the largest amount of mutual information when discriminating between the BOS and LBOS using spike patterns. Thus, our data are characterized by relative invariance across BOS variants in the firing rate of the neurons and sensitivity across those neurons in the temporal coding of BOS variants. 
Low-frequency information in the song system
Since the earliest auditory neurophysiological experiments on the song system, airborne (microphone) recordings of the BOS have been used to stimulate song system neurons. Numerous electrophysiological experiments in multiple songbird species have established that the BOS is an effective stimulus throughout the forebrain song system (McCasland and Konishi 1981; Margoliash 1983; Williams and Nottebohm 1985; Doupe and Konishi 1991; Margoliash and Fortune 1992; Janata and Margoliash 1999; Nealen and Schmidt 2006; Prather et al. 2008) . Song system neurons actively adapt their BOS-selective auditory responses as birds develop their songs during sensorimotor learning (Volman 1993; Doupe 1997; Nick and Konishi 2005) . In most cases, the selectivity of neurons has been assessed by comparing responses to conspecific songs or other songs of the bird's repertoire, albeit rarely in an ethologically defined context (e.g., Margoliash and Konishi 1985; Prather et al. 2009 ). Song system neurons can exhibit highly non-linear spectral and temporal receptive field properties (Margoliash and Fortune 1992) , and thus even extensive testing does not exclude the possibility of a correlated feature of the BOS (such as the low-frequency components). Novel regions of extensively studied auditory receptive fields have also been described in mammalian systems (Ohlemiller et al. 1996) . Previous studies have systematically explored the acoustic features of the song to which song system neurons are sensitive. HVC neurons in white-crowned sparrows tuned to the absolute frequency of song components were more sensitive to spectral than to amplitude modulation components of the song (Margoliash 1983; Margoliash and Konishi 1985) . Another study in zebra finches explored the highly BOS-selective responses of song system neurons with systematically degraded versions of the BOS. This result demonstrated that the mean firing rate has greater sensitivity to temporal than to spectral cues of the BOS (Theunissen and Doupe 1998) . Similar to these results, we found that the mean firing rates were not significantly different among BOS and LBOS stimuli in HVC. This small difference was somewhat unexpected given the approximately 15 dB reduction in power at frequencies above 1 kHz between the LBOS and BOS (Fig. 1) . Such a response property might result from the intensity invariant response of neurons in early auditory nuclei (Billimoria et al. 2008; Nagel and Doupe 2008) . Our subsequent analyses revealed that most of HVC neurons convey additional information to discriminate the BOS and the LBOS via patterns of spike timing. Interestingly, a recent study using metric-space analysis showed that the temporal code in the robust nucleus of the arcopallium (RA) conveys much information about trial-to-trial variation of song spectral content during singing (Tang et al. 2014) .
Overall, for both the rate and temporal codes, we found that neurons in Area X had a reduced ability to discriminate between the BOS and the LBOS compared with HVC. These results might suggest that BOS-selective HVC neurons have a greater ability to discriminate among song stimuli than BOS-selective neurons in the basal ganglia nucleus Area X, which is implicated in song plasticity (Bottjer and Arnold 1984; Farries et al. 2005) . However, we recorded neurons with high spontaneous firing rates in Area X, which suggests that these are internal globus pallidus-like (GPi) neurons (Woolley et al. 2014 ). In addition, another type of cells is found in Area X, the spiny neurons (SNs). These neurons have very low spontaneous firing rates, and their firing is very well timed and corresponds to Fig. 5 Examples of the mutual information as the function of q, the parameter for temporal precision. a HVC, b Area X. In each plot, the black line with circles indicates the information from the original (actual) data, and the red line with squares indicates the information from the shuffled data (see "Materials and methods"). The mean and standard deviation (SD) of the shuffled data were estimated from 20 randomly shuffled data points. The error bar corresponds to ± 2SD. The information from the original data reached its maximum (H max ) at q = q max . The information from the spike count corresponds to the information at q = 0 (H count ) a particular syllable in the song motif, similar to projection neurons in HVC (Woolley et al. 2014) . Thus, SNs neurons may be more sensitive to the frequency components of the BOS than GPi neurons. Furthermore, we did not identify the classes of HVC cells that we recorded from, although probably most were interneurons with a few if any being Area X projecting HVC neurons. Thus, it remains to be determined where the BOS selectivity distinction first arises in the basal ganglia pathway.
Low-frequency components can be a salient cue in AF during singing
Prior studies have estimated the auditory thresholds of zebra finches to airborne tone bursts using behavioral responses (Okanoya and Dooling 1987) or evoked potentials from the auditory brainstem (Zevin et al. 2004 ). These results suggest that birds have a relatively weak sensitivity to low-frequency tones below 1 kHz. Greater power at low frequencies is, however, a feature of songs recorded at the syrinx (Fee et al. 1998; Goller et al. 2004 ) compared to airborne songs. This suggests that low frequencies could be perceived during singing by coupling to the middle ear via substrate vibration through the body. Recent studies using accelerometers to measure songs conducted through the body (Anisimov et al. 2014 ) and the cranium (Fukushima and Margoliash 2015) from singing zebra finches may support this possibility. In particular, the recordings from the cranium produce high-quality copies of the songs the birds sang, and with an increase in power at low frequencies. These vibrations are likely to be coupled to the middle ear, providing a copy of the song that emphasizes the low-frequency components. The transfer function from bone vibration during singing to cochlear stimulation is unknown, and birds will also experience airborne signals that may interact with bone-conducted signals. Measurements of cochlear microphonics or auditory brainstem responses may be valuable approaches to assess what signals birds perceive during singing.
Internally propagated AF components could act as an additional channel to detect self-generated sounds robustly in the presence of contaminating signals such as sounds made by other birds or siblings. A similar strategy has been shown in bat echolocation (Suga et al. 1979; O'Neill and Suga 1982) . The neural mechanism of AF processing is a major outstanding issue in birdsong learning and adult song maintenance. Our results may motivate the exploration for a role of the low-frequency signals in the song system during vocal learning. Fig. 6 Mutual information carried by HVC and Area X cells used to discriminate the three types of BOS. a For each cell, the H count (the mutual information from spike counts) and H max (the maximum information) values were computed and plotted on the X and Y axes, respectively. Only cells with significant information (see "Materials and methods") were included (HVC, n = 51, Area X, n = 27). b In the distribution of q max , the temporal precision produces the maximum amount of information. c Population mean (± SEM) of mutual information. Left population means of the H max for HVC and Area X. Right population means of H count for HVC and Area X. For each plot, a t test was used to evaluate the significance of the differences in the mean values, and the p value is shown if the difference was significant
